Abstract. Organic matter dynamics were studied in five streams at Coweeta Hydrologic Laboratory. Three of these streams drained logged watersheds, and two drained reference deciduous forest watersheds. Litter inputs to the streams draining disturbed watersheds were significantly lower than to reference streams. Additionally, while undisturbed litterfall consisted primarily of relatively refractory leaf species, litterfall in the disturbed watersheds was composed of more labile leaf material. Non-woody benthic organic material was generally lower in disturbed streams than in reference streams, and woody benthic material was substantially lower in disturbed streams. Particulate organic matter transport was measured intensively during storms. These data were used in a computer model to estimate annual particulate organic matter transport. The model was driven by empirical equations relating particulate concentration to the rate of increase in flow during storms, time since peak storm discharge, and average baseflow concentation. Results showed that disturbed streams exported significantly more particulate organic matter and that most of this transport occurred-during storms. In order to place our results in perspective, the model was also used to estimate transport over a 47-year period. Transport during our study was not significantly different from the long-term average.
Most studies of disturbances to streams have fire, disease (e.g., chestnut blight), and overaddressed effects of direct impacts such as point grazing. discharges of sewage, toxic chemical spills,
Logging has been extensive throughout the spates, channelization, or damming. Recently, United States, and effects of logging on streams there have also been extensive studies of non-have been widely studied. In eastern U.S. few point disturbances such as nutrient runoff from streams drain forests that have never been agricultural or urban areas. In both types of logged, and many areas have been logged two study, the disturbance has directly altered the or more times. In western U.S. many streams structure and function of streams. Because of still drain undisturbed forests, but the number the close ties between streams and their wa-is declining rapidly. Effects of logging on tersheds, disturbances to terrestrial ecosystems streams in the southern Appalachians were realso may have an impact on streams though the cently summarized by Swank and Crossley effects are indirect. Watershed disturbances in-(1988) , and Salo and Cundy (1987) discussed elude logging, insect defoliation, invasion or extensively interactions between forestry and introduction of exotic species, vegetation fisheries in the Pacific Northwest. In both areas changes (e.g., forest to agriculture or hardwood the major effects include: forest to coniferous forest), volcanic eruption, i r ) j _i , r ,-.,.
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-ji_ 1. Reduced leaf litter inputs accompanied by increased light reaching the stream. The in-1 Present address: Biology Department, Clarkson crease in solar radiation elevates temperaUniversity, Potsdam, New York 13676 USA.
tures and ma Y increase autotrophic produc-2 Present address: Wildlife International, Easton, tion by attached algae. These changes are Maryland 21601 USA.
relatively short term (i.e., <10 years).
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2. A long-term change in allochthonous input quality resulting from the change of vegetation from mature to successional species. 3. A long-term decrease in input of large woody debris, resulting in a decline in the number of woody debris dams, a decrease in streambed stability and channel complexity, and reduced particulate retention. 4. Elevated dissolved nutrient concentrations, especially nitrate, which along with light and temperature increases may stimulate algal production. 5. High sediment inputs from logging roads and skid trails, or from landslides which are frequently associated with roads. Sediment movement in affected stream channels may continue for many years after logging and may be further increased by the reduction in the number of debris dams in the channel.
All these effects of logging are associated with various organic matter processes in streams, and determination of an organic matter budget should be a useful way to summarize changes caused by logging. Energy or organic matter budgets have been used extensively to summarize and understand functional processes in ecosystems. Although some of the earliest ecological studies of budgets concerned flowing water systems (Odum 1957 , Teal 1957 , Tilley 1968 , recent considerations of stream budgets reveal several problems that may limit their utility (Cummins et al. 1983 , Cummins 1988 . The primary objective of this study was to measure inputs, outputs, and storage of organic matter in reference streams and in streams draining logged watersheds. Secondarily, we used these data to calculate organic matter budgets for the streams and to quantify logging effects from this perspective. As part of this second objective, we examined the problems and limitations of stream organic matter budgets discussed by Cummins et al. (1983) and Cummins (1988) .
Study Site
This work was conducted in the southern Appalachian Mountains at Coweeta Hydrologic Laboratory, Macon County, North Carolina, USA. Five sites were selected for study, three streams draining disturbed watersheds and two streams draining reference watersheds (Fig. 1 tershed 7 (WS7), a 58.7-ha watershed, which was clear-cut in 1977. Regrowth is dominated by hardwood sprouts, herbs, vines, and seedlings (Boring et al. 1981) . Carpenter Branch drains WS13 (16.1 ha), which was originally mixed hardwoods, but all trees and shrubs were cut in 1939 -1940 and again in 1962 (Swank and Douglass 1977 . WS13 is presently covered by an intermediate successional hardwood forest dominated by yellow poplar (Liriodendron tulipifera) at lower elevations and mixed oaks (Querc«s spp.) at higher elevations (Leopold and Parker 1985) . Sawmill Branch drains WS6 (8.9 ha), which has had a complex history of disturbance that does not typify logging practices in the area. In 1942 all riparian vegetation on WS6 was removed (12% of watershed area); and in 1958 all marketable timber was removed and the slash was burned. The watershed was fertilized, limed, and seeded with grass in 1959; herbicides (Johnson and Swank 1973) . In 1968 the watershed was permitted to begin natural succession and today it is an old-field, with primarily black locust (Robinia pseudoacacia) at the lower elevations and yellow poplar at higher elevation sites. Hugh White Creek drains WS14 (61.1 ha) and Grady Branch drains WS18 (12.5 ha). Watersheds 14 and 18 are mixed hardwood forests and are long-term reference watersheds at Coweeta (Swank and Douglass 1977) . Both sites were selectively logged before 1925 and, except for the chestnut blight, have been undisturbed for 60 years. The streams are all high gradient and first and second order. Substrate is primarily sand and cobble. Primary production is very low, and stream communities depend largely on allochthonous energy (e.g., Wallace 1988) . All five streams are gaged by the Forest Service. These streams have been the subject of many ecological studies, which were recently summarized by Meyer et al. (1988) , Wallace (1988) , and Webster et al. (1988) .
Methods

Litterfall and blow-in
Litterfall was collected in 0.25-m 2 rectangular traps with screen bottoms (mesh opening ca. 2 mm). Ten traps were placed over or adjacent to Sawmill Branch and Grady Branch, and 20 traps were located on Big Hurricane Branch and Hugh White Creek. Equal numbers of blow-in traps were placed on each stream bank. Blow-in traps were 40 cm wide and oriented to catch material moving laterally down the banks into the streams. Litterfall and blow-in traps were placed in pairs at uniform distances along each stream in September 1983. Material accumulating in the traps was collected 10 times during the following 12 mo. The material was dried (50°C), sorted into wood and leaves, and whole leaves were sorted by species. Fruits, nuts, and berries were included with leaves. All material was weighed and subsampled, and subsamples were ashed (500°C) to determine the percent of organic material.
Benthic organic matter
Benthic organic matter (BOM) was collected quarterly from all five streams in -86 (Golladay et al. 1989 . Samples were collected with a 0.071-m 2 circular sampler and sorted into large benthic organic matter (LBOM, >1 mm) and fine benthic organic matter (FBOM, 0.45 fim-l mm). Samples were dried (50°C) and weighed, and subsamples were ashed (550°C). In addition, estimates of woody debris standing crops were made by collecting or measuring and subsampling all wood in 1-m wide transects along each stream. Woody debris was separated into large (>5 cm diameter) and small (1-5 cm diameter) fractions. Further details of this study were described by Golladay et al. (1989) .
Particulate organic matter transport
Samples of particulate organic matter (POM) transport were collected from Hugh White Creek, Grady Branch, Carpenter Branch, and Big Hurricane Branch during baseflows and nine storms in 1984 and 1985 . Stream water samples were collected with ISCO Model 2100 automated water samplers with intake hoses placed in riffles just upstream of the gaging stations. While this type of sampler misses large particles, previous studies at Coweeta have shown that large particulate organic material is a small fraction (<5%) of total transport (Gurtz et al. 1980 , Wallace et al. 1982 . Sampling frequency varied from one sample every 5 min during intense storms to one sample every several hours during less intense rains and after peak flows. Fifteen to 25 samples were collected from each stream during each storm. Samples were filtered (Gelman A/E glass fiber filters), dried (55°C), weighed, ashed (550°C), and reweighed. Organic particle concentration was determined as mass loss on ashing. Further details of this study were described by Golladay et al. (1987) .
Results and Discussion
Litterfall and blow-in
Leaffall, leaf blow-in, total litterfall, and total litter blow-in were generally greater in the reference streams than in the disturbed streams (ANOVA; Table 2 ). Wood blow-in was not different among streams, but wood fall was lowest in Big Hurricane Branch. Attributing any differences to forest disturbance based on this analysis would clearly be pseudoreplication (Hurlbert 1984) . However, f-tests comparing means of the two disturbed streams with means of the two reference streams showed that reference streams had significantly higher leaf and total inputs but wood inputs were not different (one-tailed f-test, p < 0.05).
Litterfall (leaves and wood) rates for the two reference streams were fairly similar to rates that have been reported in other studies. Bray and Gorham (1964) found an average of 613 g/m 2 annual litterfall in warm temperate angiosperm forests. Litterfall inputs to streams in similar forests range from 315 to 638 g m~2 yr" 1 (Fisher 1971 , Hall 1972 , Winterbourn 1976 , Comiskey et al. 1977 , Dawson 1980 , Mulholland 1981 , Hornick et al. 1981 . Our leaf input rates were also similar to reported measurements of leaf fall in the forests adjacent to our streams (Cromack and Monk 1975, White 1986 ).
While results show that litter inputs to streams draining disturbed (logged) forests are significantly lower than in reference forests, the differences are small. However, autumn leaf inputs to Big Hurricane Branch only 2 yr after logging were less than 2% of prelogging levels (Webster and Waide 1982) . Subsequent measurements have shown that leaffall returned to near reference levels within about seven years , but the composition of leaf inputs remained altered (Table 3 ) and will likely remain altered for many years. Successional forest leaffall is generally composed of relatively labile leaf material (e.g., herbaceous plants, birch, black locust, yellow popular), while undisturbed forest leaffall is dominated by more refractory species such as oaks and rhododendron .
Most leaffall occurred in autumn (Fig. 2 ). In the two reference streams, 70-80% of leaves fell between 20 September and 20 November. Leaffall to the disturbed streams was slightly lower during autumn, with a higher percent of leaffall in late summer. Blow-in was also greatest in autumn, though the autumn peak accounted for only 30-40% of the annual input. As with leaffall, the autumn peak of blow-in accounted for a lower percentage of the total in the two disturbed streams.
Wood contributed an average of 9% of blowin and 14% of litterfall. There were few significant differences among streams, and it is evident that our samples were too small for comparing estimates of wood inputs. Woodfall was highly episodic and localized. For example, 39% of the measured woodfall to Sawmill Branch occurred in one trap on one date.
Litterfall and blow-in estimates were converted to total stream inputs by multiplying litterfall by bankful streambed area and multiplying blow-in by twice the total channel length. Blow-in accounted for 14-23% of total inputs to the streams. This is somewhat smaller than values reported by Conners and Naiman (1984) for a spring brook (45% blow-in) but very similar to the 16-25% that has been reported for other first-and second-order forest streams (Fisher 1971 , McDowell and Fisher 1976 , Comiskey et al. 1977 , Gurtz et al. 1982 , Hornick et al. 1981 , Conners and Naiman 1984 . Blow-in may constitute an even higher fraction of allochthonous inputs in areas of more open terrestrial vegetation (Gushing 1988) . TABLE 2. Annual litter inputs to streams at Cowetta Hydrologic Laboratory." Means and 95% confidence limits (in parentheses) on the left are based on ln(x + 1) transformation. Within a column, values followed by the same letter were not significantly different based on analysis of variance followed by a least significant difference test. Confidence limits of arithmetic means were estimated by calculating confidence limits on transformed data and then using the same factor (untransformed) to calculate confidence limits on the arithmetic means (Elliott 1977, Strayer and Likens 1986 • Data from most of the litterfall samples were not normally distributed. Blow-in and woody litterfall were extremely skewed, with many small samples and a few very large samples. Therefore, statistical comparisons were made on ln(x + 1) transformed data, and means and confidence limits were calculated on transformed data. However, derived means (sensu Elliott 1977) calculated from transformed data are not appropriate for some purposes. While derived means are the best estimates of litterfall or blow-in expected in traps the same size as ours, these means are dependent on the size of samplers and are inappropriate for calculating budgets and comparing with samples collected with other size samplers. Because they are independent of sampler size and can be expanded to any areal basis, simple arithmetic means should be used in budget calculations that involve combinations of data collected with different types of samplers. 
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Benthic organic matter
Results of the benthic organic matter study have been published previously (Golladay et al. 1989 ) and will only be summarized here. Carpenter Branch had the highest levels of FBOM and LBOM (Table 4) , probably owing to its somewhat different channel morphology. Carpenter Branch has a long, low-gradient section and a short, steep-gradient section. The lowgradient section is deeply incised and accumulated large amounts of non-woody BOM. If we exclude Carpenter Branch from the analysis, reference streams had significantly more nonwoody BOM than disturbed streams (f-test on means, p < 0.05). Amounts of woody BOM were large in both reference streams and significantly less in disturbed streams (f-test on means, p < 0.05). Wood standing crop was lowest in Carpenter Branch, which was first cut in 1939-40. Most wood in the stream before that cutting, and logging slash that entered during cutting, has decomposed. Wood inputs since 1940, either natural or from the 1962 cutting, have probably been low and apparently decomposed rapidly. Sawmill Branch also had very little wood, in part because the slash was burned after the 1958 cutting. There were few logs and no debris dams in Sawmill Branch (Golladay et al. 1989 ). Big Hurricane Branch, which drains the most recently cut watershed, contains considerable woody debris, some predating logging and some entering the stream as slash. Since total BOM was dominated by large wood, the total was significantly higher in reference than in disturbed streams (f-test on means, p < 0.05).
Particulate organic matter transport
Particulate transport in the streams was described in a previously published paper . These results are summarized here, and we used these data to estimate annual particulate transport.
Baseflow POM concentrations ranged from 0.1 to 7.0 mg/L, were generally highest in summer, and declined to lowest values in winter. Reference and disturbed streams of similar size did not differ significantly (paired f-test, p > 0.05).
A typical pattern of POM concentration during storms is illustrated by data from a storm (Fig. 3) . POM concentration increased rapidly during the rising hydrograph and peaked at or before peak discharge (Fig. 4) . Following peak discharge, POM concentrations decreased rapidly. The second discharge peak in Big Hurricane Branch (Fig. 3) panied by a slight increase in POM concentration (Fig. 4) .
POM concentrations during storms were generally higher in disturbed streams than in reference streams. One exception was a brief but intense November storm just after leaffall, when POM export from the two reference streams exceeded export from the paired disturbed streams even though peak POM concentrations were higher in the disturbed streams. Appar- ently the disturbed streams were very rapidly flushed of accumulated POM.
Estimating annual transport of paniculate organic matter
One of the problems of stream organic matter budgets has been the use of rating curves (i.e., graphs relating POM concentration to discharge) to estimate annual particulate transport (Cummins et al. 1983 ). When we used rating curves we found they were significant (linear regression, p < 0.05) for three of the four streams but explained only 19% of the variance at best. Rating curves for individual storms were significant (p < 0.05) in only 23 of 36 cases (9 storms, 4 streams). The lack of a stronger rela-^ tionship was due to the hysteretic nature of the relationship (e.g., Fig. 4 ). Concentrations were higher during rising discharge than at equal discharge when discharge was dropping.
Some of our earlier work has suggested that factors other than discharge are useful for predicting POM concentrations during storms . POM concentrations during periods of rising discharge are usually correlated with the rate at which discharge is increasing as illustrated in Figure 5 . Using the rate of increase in discharge during the 5-min interval prior to each sample, we found that this relationship was significant (p < 0.05) for 22 of 29 storms for which we had sufficient data to analyze (Appendix 1). Similarly, during falling discharge, POM concentrations decline exponentially as a function of time since the last peak concentration (Fig. 6) (Appendix 1). For several storms it was evident that the rate of decrease in POM concentration changed an hour or so after a peak (Fig. 6) . However, this change was not apparent in enough of the data to be incorporated into our model.
Using the relationships between POM concentration and rate of increase in discharge and time since peak (Appendix 1) and hydrologic data supplied by the Forest Service at Coweeta, we developed an empirical computer model to estimate POM concentration for each 5-min interval throughout the year. The first step was to determine if a storm was occurring. Storms were defined using criteria similar to those used by Hewlett and Hibbert (1967) . A storm was initiated by a discharge increase of 0.011 L s" . Hewlett and Hibbert (1967) used this line to separate quickflow and delayed flow. They also used this slope to define the initiation of a storm, but they eliminated all storms with a total quickflow volume less than 0.254 m 3 /ha. We did not delete these small storms, as we measured significant increases in POM concentration even during very small storms.
If a storm was occurring at a particular time, the model then determined if flow was increasing or decreasing, and POM concentration was determined using the appropriate regression equations for that stream at that time of year. If a storm was not in progress, POM concentration was determined from baseflow data. Be-tween days of data collection, model parameters and baseflow concentrations were calculated by linear interpolation between the nearest sample dates.
Model-generated POM concentrations for actual sampling dates were very similar to the calibration data (Fig. 7) , though the model overestimated concentrations just after peak discharge and under-estimated them near the end of a storm. Both problems were due to the change in slope mentioned earlier. By summing POM concentration x discharge for various time intervals, we calculated daily, monthly, annual, storm, rising flow, falling flow, and baseflow transport.
One problem quickly became evident. Annual POM transport in Big Hurricane Branch, a disturbed stream, was less than in Hugh White Creek, the reference stream of similar size (Table 5). This was despite the fact that our samples showed generally higher POM concentrations in Big Hurricane Branch. The difference was due to a single thunderstorm on 21 June 1984, which passed over the southern part of the research area (Fig. 1) and was very heavy, especially on WS14 (Hugh White Creek); however, very little rain fell on WS7 (Big Hurricane Branch). This one storm provided 1.1% of the annual discharge in Hugh White Creek and, based on our model, accounted for nearly 50% of annual POM transport. For Big Hurricane Branch the 21 June storm was only 0.2% of annual discharge and 1.8% of annual POM transport. Obviously these differences between streams made it difficult to compare Big Hurricane Branch with Hugh White Creek and to evaluate effects of disturbance on POM transport. As one way of working around this problem, we used Hugh White Creek hydrologic data in the Big Hurricane Branch model to estimate what POM transport would have been if hydrologic regimes of the two streams had been identical. Using the adjusted Big Hurricane Branch data (i.e., based on Hugh White Creek hydrology), it is evident that disturbed streams transport more POM than reference streams (Table 5) . The difference was significant on a kg/ha watershed-area basis (paired f-test, p < 0.05) but not on a g/m 2 stream-area basis because the large transport by Big Hurricane Branch caused a very large variance in transport by disturbed streams.
More than 70% of POM transport in all streams 1200 1300 1400 1500 1600 1700 1800 TIME FIG. 7. Simulated versus actual particulate organic matter concentration in Big Hurricane Branch (disturbed) and Hugh White Creek (reference) during the storm on 20 June 1984. occurred during storms, with slightly more transport on the falling side of storm hydrographs than on the rising side (Table 5) . Similarly, Cuffney and Wallace (1988) showed that 50-79% of particulate export occurred during storms in other Coweeta streams. Since only 15-17% of annual discharge occurred during storms, and since storms occurred only about 10% of the time, the sampling problem for estimating annual transport is evident. Whether or not our model results represent the actual POM transport that occurred in 1984-85, they do represent a realistic sequence of POM concentrations and can be used to evaluate the effectiveness of various sampling programs (Table 6 ). Grab samples clearly underestimate total transport. Only with hourly samples, each sample analyzed separately, did the simulations approach the actual value, i.e., the estimate based on 5-min interval samples. Flow proportional samples (sample frequency proportional to discharge, e.g., Fredricksen 1969 Fredricksen , 1970 were much more effective. The range of values for flow proportional sampling resulted from a series of simulations using different sampling frequencies. For example, in one simulation, flows <2 L/s were sampled once every 320 min. With each doubling of flow, sample frequency was doubled up to the maximum rate of one sample every 5 min at flows > 64 L/s. In this simulation, the maximum number of samples taken per week was 146 and the average was 61. The samples were composited weekly. Annual transport was estimated at 593 kg. The results suggest that when weekly or annual transport is the only information needed, a flow proportional sampling scheme is by far the most efficient. Two parameters used in the computer model were selected somewhat arbitrarily: the rate of increase in discharge used to define the beginning of a storm and the flow separation slope used to define the end of a storm. Their effects on our estimates of annual transport were evaluated by running the model with different parameter values. Results of this analysis indicated very little sensitivity to these parameter values. During most storms the initial rate of increase in discharge was well above the parameter value we used. Also, after a storm peak, the POM concentration usually dropped to near baseflow values well before the storm ended, i.e., before the model defined the end of the storm. Therefore it was not surprising that these two parameters had little effect on annual transport estimates or on the percent of transport occurring during storms.
A frequent criticism of ecological studies is that they are short-term and can't be placed in a long-term perspective. Using our model we were able to compare our results with long-term averages and trends. While we don't know how transport-discharge relationships have changed over the last 47 years, we can look at how export might have varied in response to different annual discharge patterns if transport-discharge relationships were the same. Simulations of transport in Grady Branch for 47 yr showed that while the year of our study was extremely dry based on precipitation and discharge, POM transport was about average (Fig. 8) . Annual transport in 1984-85 was below the 95% confidence limits for the 47-yr mean (Table 7) , but the distribution was highly skewed by a few years of very high transport. Two years in particular, 1973-74 and 1976-77, were characterized by very high discharge and high transport. When the annual transport data were In transformed, the 1984-85 value was within the 95% confidence limits.
A number of correlations were apparent in the 47-yr data set (Table 8) ; however, the correlations between transport and discharge are questionable since the same factor, discharge, is a component of both variables. Average concentration (annual transport/annual discharge) is probably a more meaningful variable in this analysis. POM concentration was significantly correlated with several discharge-related variables, but the highest correlation was with annual stormflow.
Based on the 47-yr data, monthly discharge was high in winter and low throughout the summer, reaching lowest values in early fall (Swift et al. 1988, Fig. 9) . Stormflow followed the same pattern but was a lower fraction of total flow during the growing season than during winter. POM transport, after a peak follow- •ing autumn leaffall, was lowest in early to mid winter and peaked in spring. Transport remained fairly high through the summer. This pattern has been generally observed in other Coweeta studies (Webster 1983, Webster and Golladay 1984) . 1984-85 fit the pattern fairly well except for the very high transport in June and the low transport in winter resulting from low discharge.
Synthesis
Organic matter budget calculations
We estimated POM budgets for the five streams using the data reported above (Table  9) . For Carpenter Branch where we had limited litter-input data, we used several averages based on the other streams (detailed in footnotes to Table 9 ). Also, for Sawmill Branch where we did not have storm POM concentrations, we estimated minimum annual export from baseflow concentrations. One criticism of the budgets is that inputs, standing crops, and export were measured in different years-1983-84, 1985-86, and 1984-85, respectively . We doubt there were large changes in inputs over this period, but, as discussed previously, year-to-year differences in export are a major problem of organic budgets. Quarterly standing crop measurements did not show major long-term (i.e., greater than annual) changes (Golladay et al. 1989) . Even major differences in standing crops (±50%) would not modify our conclusions concerning differences between disturbed and reference streams.
Inputs were lowest to disturbed streams (Table 9), reflecting the somewhat lower leaffall of successional forests. If wood was included, BOM standing crops were much greater in the reference streams, but if wood was excluded, Carpenter Branch stood out because of anomalously high LBOM and FBOM standing crops. Export was greatest from the disturbed streams, especially from Big Hurricane Branch and Sawmill Branch. Turnover rates and other budget parameters are dependent on stream size, so ratios in Table 9 need to be paired by stream size for comparison, i.e., Grady Branch can be compared with Sawmill Branch and Carpenter Branch, and Hugh White Creek is comparable to Big Hurricane Branch. When compared in this way, the ratios of inputs to standing crop were smaller in the reference streams than in the disturbed streams. This difference was primarily due to the large amount of wood stored in the reference streams. If small and large wood were not included in this calculation, all the ratios would be fairly similar. The annual input was about Looking at turnover rates using export/ standing crop, we see an even greater distinction between reference and disturbed streams. Only about 10% of the standing crop POM was exported each year from reference streams, whereas 50 to over 100% was exported from disturbed streams. Calculating these ratios independent of wood was not possible because we don't know what fraction of export was wood-derived.
The lack of steady state was clearly evident from the ratios of export to input. Input exceeded export for both reference streams. However, these export values do not include leaching and biotic conversion of organic matter to CO 2 , i.e., respiration. Using respiration rates reported by Cuffney et al. (1990) for benthic material in small Coweeta streams, we estimated respiration losses of 728 and 770 g mr 2 yr" 1 for Grady Branch and Hugh White Creek, respectively. These are probably large over-estimates, because the interior mass of large wood does not respire at rates similar to the small pieces of wood used in the respiration measurements; however, these calculations do suggest that leaching and respiration could account for the FIG. 9. Monthly means of total discharge, storm discharge, and particulate organic matter transport for 1938 through 1984 . Discharge data are from Forest Service records at Coweeta Hydrologic Laboratory. Particulate transport data are from our simulations. difference between input and export in the reference streams and that these reference streams may be near steady state most years. Petersen et al. (1989) reached a similar conclusion for a stream in Michigan. However, export greatly exceeds input in some years. If we assume that input to Grady Branch has been constant, export would have exceeded input 11 times between 1938 and 1984 ( Fig. 8 ) and in three of those years was 2-3 x input. Thus during most years there must be a small but consistent aggradation of organic matter. Alternatively, input may not be constant, and infrequent years of very high input, e.g., when a large tree falls into the stream, may balance years of high export.
In the three disturbed streams, there was clear degradation of stored organic matter-export ' We estimated a minimum export for Sawmill Branch by assuming an average annual POM concentration 2x the baseflow concentration (Webster and Golladay 1984) . For the other streams, average annual concentrations ranged from 2.7 to 5.7 baseflow concentrations.
b Carpenter Branch leaffall was measured by Risley (1987) . Total input was estimated by assuming wood blow-in of 18.6% of total wood input (the average for the other streams) and wood fall of 21.4% of total litter fall (the average for the other streams). Leaf blow-in was estimated as 23.5% of total leaf input (the average for the other streams).
substantially exceeded input (Table 9 ). In fact, that we didn't include in our calculations. Biotic our estimates of export were so much greater uptake of DOM is an important pathway of enthan inputs, that all standing crop organic mat-ergy flow in Coweeta streams (Meyer et al. 1988 ); ter should be lost from Sawmill Branch in less however, Meyer and Tate (1983) showed that than two years and from Big Hurricane Branch DOM export exceeded DOM input in both Hugh and Carpenter Branch in less than three years White Creek and Big Hurricane Branch. Cuffif our turnover rates are accurate. These very ney et al. (1990) showed similar instream genhigh turnover rates were determined for a year eration of DOM in other small Coweeta streams, that apparently had average or below-average Therefore, loss of DOM by leaching must extransport, and they do not include leaching or ceed biotic uptake, DOM uocculation, and respiration. However, our data for Big Hurri-abiotic DOM uptake. cane Branch indicate that standing crop organic
The most likely explanation of our high turnmatter is not actually declining as rapidly as over rates is deep storage of BOM. We sampled indicated by the turnover rate in Table 9 . Trans-only to a depth of 10 cm, but BOM is at much port from Big Hurricane Branch has been high greater depths in many places in the stream ever since it was logged in 1977 (Gurtz et al. channel. Channel cutting and headwater ero-1980, Webster et al. 1983) . Because the standing sion is evident in Sawmill Branch. Also, the crop in this stream before disturbance was not deeply incised channel on WS13 (Carpenter abnormally high , we need Branch) may be the result of the long history to consider possible explanations of these high of disturbance to that watershed. Channel eroturnover rates-either additional inputs, un-sion is not yet evident in WS7 (Big Hurricane measured stored material, or over-estimated ex-Branch), but we expect it to occur as debris dams port.
within the channel decay and break up.
Dissolved organic matter (DOM) is an input
It is certainly possible that we have overes-timated export for the disturbed streams, though for Sawmill Branch, with the fastest turnover, our export estimate is very conservative. For Big Hurricane Branch and Carpenter Branch, our export simulations match actual measurements for sampled storms (Fig. 7) . However, our model may be giving us over-estimates during storms where we had no actual measurements, especially the 21 June storm. Even if our turnover estimates are substantially higher than rates actually occurring, it is clear from our results that forest disturbance has increased export, accelerated turnover of BOM, and is depleting BOM. Accelerated turnover and depletion of BOM can partially be attributed to faster decomposition of both leaves (Benfield et al., in press) and wood in disturbed streams. However, these changes are primarily associated with the effect of forest disturbance on woody debris dams in the streams. Studies at various sites throughout the U.S. have shown the connection between forest disturbance and the frequency of debris dams (Swanson and Lienkaemper 1978 , Likens and Bilby 1982 , Molles 1982 , Webster and Golladay 1984 , Hedin et al. 1988 , Golladay et al. 1989 . The general pattern is that, during forest succession, large logs are not added to streams and old debris dams gradually decay and break up. Consequently, the frequency of debris dams declines until trees start dying and forming new dams. The importance of debris dams to maintaining channel stability has been demonstrated in experimental studies (Bilby and Likens 1980 , Bilby 1981 ,1984 , Trotter 1990 ). Thus once the debris dams break up, stored organic and inorganic particulate material is released and exported, principally during storms (Bilby 1981 (Bilby , 1984 . Hedin et al. (1988) suggested that at Hubbard Brook the period of accelerated particle loss may last about 25 yr. After that time, debris dams begin to reform and act as net sinks for particulate materials. Following forest fire in western U.S., accelerated runoff from denuded slopes may cause a large loss of channel debris, but this material begins to reaccumulate within a very few years (Minshall et al. 1989) . At Coweeta the period of accelerated particle transport prior to debris dam reformation may be considerably longer. Death of successional vegetation may contribute a small pulse of wood to streams during the first 25-50 years after disturbance Bilby 1982, Triska et al. 1982) , but this material is generally small, decays rapidly , and does not form stable debris dams. Therefore, for a period of perhaps 100 yr or more, the time necessary for trees to mature and senesce, the abundance of woody debris dams in disturbed Coweeta streams remains low, streambed stability is low, and relatively rapid downcutting and headwater erosion occur in stream channels.
There are several reasons why this long-term degradation of stream channels has not yet been observed. Up until the last several decades, most logging was selective. The time for uncut trees to mature and die may have been sufficiently short to maintain fairly high debris dam densities in streams. Also, death of chestnut in the 1930s added considerable wood to streams throughout the eastern deciduous forest (Likens and Bilby 1982) . In Big Hurricane Branch, many of the existing debris dams are old chestnut logs (Webster, personal observation) . Finally, most of the accelerated transport occurs during large storms; samples collected during base flows or even at regular intervals of more than a few hours may fail to show high levels of particle export.
Problems of stream organic matter budgets
Many of the problems and limitations of stream organic matter budgets discussed by Cummins et al. (1983) and Cummins (1988) do not apply to our study. However, some of their concerns and other problems should be considered in interpreting our results.
Long-term responses to major storms and other disturbances necessitate long-term data to calculate and use budgets for comparisons among streams.-We assumed that the five neighboring streams had similar climatic histories. This allowed us to use short-term budgets to evaluate effects of different anthropogenic watershed disturbances imposed on the streams. The problem with this assumption was illustrated by the local storm on 21 June 1984, which we estimated accounted for nearly 50% of the annual transport in Hugh White Creek (WS 14) but less than 2% in Big Hurricane Branch (WS 7). So, despite the proximity of the streams, climatic variables may not have been identical. In order to evaluate effects of anthropogenic disturbance on export with our data we used our model to simulate similar hydrologic conditions for these two streams.
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Detrital storage is seldom adequately determined.-To overcome the patchy distribution of benthic detritus, our benthic detritus means were based on 120-240 samples per stream, and we demonstrated several statistically significant differences among streams. However, we probably did not adequately sample deep storage in some areas.
The history of past events has not been adequately considered in many short-term studies. -In contrast to most studies, ours was part of a long-term investigation of forest hydrology and ecology going back to the 1930s with stream studies continuous since the 1960s (Woodall and Wallace 1972) . Additionally, using hydrologic data going back to 1938 and transport relationships measured in this study, we were able to examine how our estimates of annual particulate export might have varied if the hydrologic conditions had been different (Fig. 8) .
Because of long-term changes caused by disturbances, steady state cannot be assumed.-All budget parameters used in our study were either measured or estimated from measured data. No parameters were estimated by difference, i.e., by assuming steady state. Our results clearly illustrate the lack of steady state in disturbed streams.
Methods of measuring and calculating POM transport are often inadequate.-Daily and even hourly samples may be inadequate for estimates of annual transport (Table 6) . To minimize problems associated with other sampling regimes, we collected samples on an event basis, with samples taken as frequently as every 5 min during heavy rains. We developed empirical models to estimate annual transport using relationships determined from experimental studies ). These models worked considerably better than rating curves.
Budgets are dependent on stream size.-We paired our comparisons by watershed size, and in most comparisons we used streambed area to normalize budget parameters.
Viewed with appropriate caution, we believe organic matter budgets are useful for studying stream ecosystems. Budgets have been used for understanding and comparing various processes in streams (e.g., Fisher and Likens 1972 , Fisher 1977 , Iversen et al. 1982 , Triska et al. 1982 , Petersen et al. 1989 ) and for comparing different streams (e.g., Minshall 1978 , Gushing and Wolf 1982 , Cummins et al. 1983 , Naiman et al. 1986 ). However, organic matter budgets have not been widely used as a means of evaluating effects of disturbance to streams, though Fisher and Grimm (1985) looked at short-term budgets to evaluate the effects of storms on desert streams, and Cuffney et al. (1990) reported changes in many organic matter processes resulting from insecticide treatment of a small stream. Cummins (1969) pointed out the potential of energy (organic matter) budgets for ecosystem management. In our studies of forest management practices at Coweeta Hydrologic Laboratory, we have used organic matter budgets as a tool for studying the effects of these disturbances on streams. Our results point particularly to the long-term response to disturbance and to the problems of estimating annual particulate export in a system with a highly variable hydrologic regime. [Volume 9 APPENDIX 1. Regression equations used in POM transport model. For rising flows the equation was C = flDQS + b; where C was POM concentration (mg AFDW/L), DQ5 was the rate of increase in discharge during the 5-min interval preceding the sample (L sec" 1 min" 1 ), a = slope, and b = intercept. For falling flows we used the equation C = C p e~k l ; where C p was peak POM concentration for the storm, t was time (min) since the peak concentration occurred, k = the rate of exponential decline in POM concentration. ' Insufficient data for analysis. b Highly insignificant relationship; not used in model.
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